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1 SUMMARY  
 
Protein phosphorylation is one of the major post-translational modifications to allow for signal 
transmission and fine tuning of metabolism on the cellular proteomic level. As such it is “one of the 
last instances” to modulate the activity of enzymes and hence to impact the cellular life irrespective 
of the basic conditions provided by the genome – and epigenome– controlled gene expression. The 
evolutionary increase in cellular complexity is reflected by highly sophisticated regulatory networks 
in multicellular eukaryotes based on the transfer of phosphate mostly onto the side chains of serine, 
threonine and tyrosine residues. Nature has chosen phosphate for inter- and intracellular 
communication, which is also an integral component of nucleic acids and can be regarded as the 
molecule of choice for life. 
Currently, life science is interested to unravel the network of reversible protein phosphorylation that 
is catalyzed by two antagonistic enzyme classes: the protein kinases and protein phosphatases. We 
are currently in the era of proteomics and enormously benefit from the progress of mass-
spectrometry methods. This is documented by a huge number of “proteomic studies” that mostly 
provide a simple inventory of the existence of proteins – and/or their phosphorylated forms – under 
more or less defined conditions. 
So far, the physiological correlations could be established only in a few cases, e.g. by comparing two 
physiological conditions. Another strategy, which was addressed in this work, is the systematic 
screening of mutants defective in genes encoding either protein kinases or protein phosphatases. 
This approach benefits from the ease to predict these enzymes due to the presence of characteristic 
protein motifs. In combination with the major goal of this work – to shed light on the impact of 
protein phosphorylation in the mitochondrial (mt) compartment – the yeast Saccharomyces 
cerevisiae was chosen as a model system because of its respiro-fermentative metabolism, that 
allows for the maintenance of respiratory defective mutants.  
Indeed, this reverse genetic approach successfully revealed two kinases (Pkp1p, Pkp2p) and two 
phosphatases (Ppp1p, Ppp2p) as the key components regulating the pyruvate dehydrogenase 
complex by phosphorylation of serine 313 of its α- subunit Pda1p. In addition, evidence is provided 
that Pkp1p has an additional role in the assembly process of the PDH complex.  
Also, the effect of the deletion of the COQ8 gene (gene engaged in coenzyme Q synthesis; originally 
named ABC1) leading to respiratory deficiency, could be correlated with the phosphorylation of 
subunit Coq3p of the mitochondrial ubiquinone biosynthesis complex.  
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Finally, in the case of the kinase Sat4p (protein involved in salt tolerance), overexpression of the 
enzyme was used as an alternative approach to unravel the molecular basis of the originally 
observed salt sensitivity of sat4 mutants. The data suggest that Sat4p has a direct or indirect role in 
the late steps of iron-sulfur (Fe/S) cluster assembly of the so-called “aconitase-type” enzymes in 
mitochondria, accompanied by a strongly reduced steady state concentration of the Fe/S-cluster 
protein aconitase. Interestingly, a secondary phenotype became apparent upon overexpression of 
Sat4p: the abundance of the lipoic acid containing mitochondrial proteome was markedly reduced. 
Most likely this phenotype is due to the fact that the synthesis and/or attachment of lipoic acid 
depend on a Fe/S-cluster bearing enzyme. 
In the course of the work it became clear that the regulatory (mt) protein phosphorylation network 
of yeast evolved to meet the criteria of a life adapted to the ecological niche on temporarily 
available sugar rich sources. Clearly, the transfer of the respective data to higher eukaryotes is 
limited. However, it shows that yeast is primarily an excellent model system for the principal 
molecular reactions shared with higher eukaryotes. 
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ZUSAMMENFASSUNG  
 
Phosphorylierungen von Aminosäuren ist eine der verbreitetsten post-translationalen 
Modifikationen für zelluläre Signalübertragungswege und zur Regulation des Metabolismus auf 
Proteom-Ebene. Mit der reversiblen Protein-Phosphorylierung eng verbunden ist die unabhängige 
Modulation der Aktivität von Enzymen ungeachtet der Genom- und Epigenom-basierten 
Genexpression. Die evolutionäre Zunahme der zellularen Komplexität äußert sich in zunehmend 
komplexeren Regulations-Netzwerken in mehrzelligen eukaryotischen Organismen basierend auf 
dem Transfer von Phosphatgruppen vorzugsweise auf die Aminosäuren Serin, Threonin und Tyrosin. 
Die Natur hat evolutionär als Baustein der inter- und intrazellulären Kommunikation Phosphat 
gewählt, welches auch ein integraler Bestandteil der Nukleinsäuren ist und somit als das „Molekül 
der Wahl“ für das Leben bezeichnet werden darf. 
Die Lebenswissenschaften sind gegenwärtig daran interessiert das Netzwerk der 
Proteinphosphorylierung aufzuklären, welches durch zwei antagonistisch wirkende Enzymklassen, 
die Proteinkinasen und Proteinphosphatasen charakterisiert ist. Dabei profitieren wir gegenwärtig 
von den Fortschritten der „Proteomics-Ära“ auf dem Gebiet der massenspektrometrischen 
Proteinidentifizierung. Ausdruck dessen ist eine Vielzahl von Proteom-Studien,  die jedoch meist nur 
eine einfache Inventarisierung der unter mehr oder weniger gut definierten zellulären Bedingungen 
existierenden Proteine in ihrer Phosphat-modifizierten oder unphosphorylierten Form darstellen. 
Die beteiligten Enzyme werden dabei kaum berücksichtigt. Insbesondere gilt dies für extra-
cytoplasmatische Ereignisse. 
Bisher gelang es nur in wenigen Fällen eine Korrelation der physiologischen Rolle dieser 
Proteinmodifikation, z.B. durch den Vergleich der Phospho-Proteome unter zwei unterschiedlichen 
physiologischen Bedingungen, herzustellen. Eine andere Strategie, die auch Gegenstand dieser 
Arbeit ist, sieht ein Screening von Mutanten vor, die durch Deletionen von Genen, die für 
Proteinkinasen bzw. –phosphatasen kodieren, gekennzeichnet sind. Dieser Ansatz profitiert von der 
Existenz und leichten bioinformatischen Vorhersagbarkeit charakteristischer Kinase- bzw. 
Phosphatase- Sequenzmotive. In Kombination mit dem Hauptziel der Arbeit – Licht ins Dunkel der 
Proteinphosphorylierung im mitochondrialen Kompartiment zu bringen – wurde die Hefe 
Saccharomyces cerevisiae als Modellsystem gewählt, insbesondere vor dem Hintergrund ihres 
fermentativen Metabolismus.  
Als Beleg der prinzipiellen Funktionalität des vorgeschlagenen Ansatzes konnten zwei Kinasen 
(Pkp1p, Pkp2p) und zwei Phosphatasen (Ppp1p, Ppp2p) als Schlüsselkomponenten der Regulation 
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des Pyruvatdehydrogenase (PDH) Komplexes identifiziert und charakterisiert werden. Darüber 
hinaus konnte sowohl das Zielprotein der Phosphorylierung, Pda1p, die α-Untereinheit des 
Komplexes, als auch die modifizierte Aminosäure (Serin 313) experimentell bestätigt werden.  
Ferner konnte der Atmungsdefekt von Stämmen mit einer nicht-funktionellen Abc1p-Kinase mit dem 
Phosphorylierungszustand der Untereinheit Coq3p des Ubiquinon-Biosynthese Komplexes und dem 
Ausfall der Ubiquinonsynthese korreliert werden.   
Eine alternative Herangehensweise, die Überexpression einer Kinase, führte zur Identifizierung 
möglicher Zielproteine von Sat4p. Vergleichende Analysen des 2D-gelelektrophoretisch separierten 
mitochondrialen Genoms mit dem des Wildtyps legen die Vermutung nahe, dass Sat4p eine direkte 
oder indirekte Rolle bei der Regulation der „Aconitase-Typ“ Eisen-Schwefel (Fe/S) Proteine besitzt. 
Der darüber hinaus beobachtete Effekt einer Abnahme von Liponsäure-tragenden mitochondrialen 
Enzymen, ist wahrscheinlich sekundärer Natur und kann durch die Zugehörigkeit der Liponsäure-
Synthase zur oben erwähnten Gruppe der „Aconitase-Typ“ -Fe/S-Proteine erklärt werden. 
Im Verlauf der Arbeit wurde deutlich, dass das regulatorische Netzwerk der Proteinphosphorylierung 
der Hefe eher den Kriterien einer evolutionären Adaptation an eine spezifische ökologische Nische – 
der temporären Verfügbarkeit zuckerreicher Substanzen – entsprechen. Das schränkt die  
Übertragbarkeit der gewonnen Einsichten in die Regulation des mitochondrialen Metabolismus auf 
höhere Eukaryonten ein. Es zeigt jedoch, dass Hefe in erster Linie ein exzellentes Modellsystem für 
die prinzipiellen molekulare Mechanismen ist, die sie mit den höheren Eukaryonten teilt. 
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2 INTRODUCTION  
 
2.1 Why phosphate? 
 
Many metabolites, structural lipids of membranes and the compounds for cellular maintenance of 
energy- and redox-balance (ATP, creatine phosphate, NAD) are phosphates. Even the storage of the 
genetic information by DNA and the function of RNA are based on di-esters of phosphoric acid. 
Strikingly, phosphates are pivotal for biopoesis, the creation of life. An interesting aspect to explain 
“Why nature chose phosphate”*1 was introduced 1958 by Davis 1 who stated that ionization is 
required to prevent metabolites from escaping the cell by penetrating the membrane lipid layer. In 
this light, phosphorylation – and hence the introduction of negative charges – could be important to 
trap lipophilic compounds. The physicochemical properties of the phosphate group, including the 
ability to form covalent bonds while remaining charged, and the slow hydrolysis rate and hence 
long-term stability 2, makes it a unique molecule for life. The combination of stability on the one 
hand and the specific reactivity on the other side of the phosphate is not only the essence of life but 
also the prerequisite of building up and maintaining of increasingly complex systems 3. Besides the 
pivotal role of phosphate in biochemical terms, it has evolved as one of the most important 
modifications of proteins. The post-translational addition of phosphate by specific enzymes to 
dedicated amino acids (mostly histidine/aspartate in prokaryonts and serine/threonine/tyrosine in 
eukaryotes) can influence protein folding, subunit composition, intracellular localization, stability 
and catalytic activity of proteins [for recent review see 4]. Regulation is achieved by the activity of 
two antagonistic enzyme classes: the protein kinases and protein phosphatases, transferring or 
removing the phosphate group, respectively. As these enzymes are themselves subjected to 
regulation, a very complex cellular multi-hierarchic signaling and organization system is built up. On 
this basis one may assume that the organization of multicellular life requires much more regulation 
than that of unicellular life. Indeed, the phospho-proteomes – comprising all proteins of a 
cell/compartment which are/can be phosphorylated – of prokaryotes are remarkably similar in size 5: 
they range from 73 sites in Lactococcus lactis to 81 sites in Escherichia coli (www.phosida.com, 6). In 
contrast, 3600 sites are found in yeast and more than 20000 sites in mammalian species 
(www.phosida.com). This clearly indicates that the importance and the impact of protein 
phosphorylation increased during evolution and can be considered as one determinant of 
multicellular life.  
                                                             
*1 title of the review by Westheimer, F.H. 1987, Science 235 
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2.2 Protein phosphorylation in prokaryotes  
 
Historically, protein phosphorylation was thought to exist exclusively in eukaryotes. Since the 
identification of protein kinases in Escherichia coli 7; 8, protein phosphorylation is well documented 
for bacteria. As a widespread phosphorylation system for signaling and signal transduction in 
bacteria, the so called “two component system” with phosphoryl-transfer reactions on histidine (his) 
and aspartate (asp) has been recognized and intensively investigated 9; 10; 11. More recently it became 
evident that serine (ser)/threonine (thr)/tyrosine (tyr) phosphorylation is also present12. 
Interestingly, even in archaea serine, threonine and tyrosine are targets of phosphorylation 13. The 
extent of phosphorylation sites in prokaryotic proteomes analyzed so far is quite similar, with 
approximately 100 sites per proteome. Furthermore, the prokaryotic phospho-proteomes hardly 
overlap with each other 5. Although the phosphorylated proteins themselves are conserved between 
bacteria, the phosphorylation sites often are not. It was concluded that serine/threonine 
phosphorylation emerged relatively recently in evolution. The absence of phosphorylated tyrosines 
in unicellular eukaryotes, such as yeasts, and the prevailing data on their function in multicellularity 
led to the assumption that tyrosine phosphorylation is an exclusive eukaryotic phenomenon 14. The 
first hints on phosphotyrosine in prokaryotes emerged already in the mid-eighties 15, but were for a 
long time a matter of debate. The identification of the first tyrosine kinase in Acinetobacter johnsonii 
16 and the increasing number of tyrosine modified phospho-proteins detected in prokaryotic 
proteomes until now clearly document the importance of tyrosine phosphorylation for bacterial life 
17. However, the enzymes involved in tyrosine phosphorylation in bacteria exhibit structural and 
functional features that are similar, although not identical, to those of the corresponding enzymes in 
eukaryotes 17; 18. Despite this fact and former publications 19; 20; 21 Cozzone et al. 2004 18 concluded 
from comparative studies of all classes of kinases and phosphatases implicated in 
phosphorylation/dephosphorylation of proteins in various organisms that prokaryotic and eukaryotic 
enzymes are derived from a set of common, and possibly quite ancient, prototypes.  
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2.3 Protein phosphorylation in mitochondria 
 
In terms of the unique evolutionary position of mitochondria between pro- and eukaryotic life the 
question of the role of protein phosphorylation in these eukaryotic organelles arises. The existence 
of such a process in mitochondria – descendants of bacteria – has been neglected for a long time, 
mainly due to the belief of protein phosphorylation occurring exclusively in eukaryotes. The first 
report on mitochondrial (mt) protein phosphorylation dates back to the 50s of the last century, 
when phosphorylation by a mt extract of casein was shown 22. In the late 60s, Reed and colleagues 
identified the α-subunit of the pyruvate dehydrogenase (PDH) complex as the first mt phospho-
protein 23. Almost fallen into oblivion during the following decades, when the focus of research was 
on cytoplasmic phosphorylation and signal cascades, the importance of mt phosphorylation became 
apparent in the late 90s 24; 25; 26. In contrast to the pioneering role of yeast for many molecular 
biological investigations in higher eukaryotes, the elucidation of the role of mt phosphorylation, the 
target proteins and the responsible enzymes predominantly came from the mammalian system. This 
can probably be explained by the fact that the consequences of a dysregulated mt respiration, e.g. 
due to impaired kinases/phosphatases, are much more severe in mammals due their mostly strict 
aerobic energy metabolism. Indeed, several forms of Parkinson disease and of cardiomyopathies as 
well as the induction of apoptosis have been shown to be linked to malfunction of mt kinases, like 
PINK1 (PTEN induced kinase) 27; 28 and Pim-1 (Provirus Integration site for Molony leukemia virus 1) 
29; 30, respectively. Thanks to the increased sensitivity of the mass-spectrometric detection methods 
and effective enrichment procedures, the number of identified phospho-proteins in mitochondria 
drastically increased in the last decade. However, whole cell extract based analysis in yeast revealed 
only a rather low number of mt proteins 31; 32; 33; 34 indicating the requirement of sample de-
complexing by subcellular fractionation as reported by Reinders et al. 35, who succeeded in the 
identification of 48 phosphorylated yeast mt proteins. The most comprehensive study on yeast mt 
proteins in terms of defined physiological conditions was performed by Ohlmeier et al. 36 who 
identified 34 mt phospho-proteins in wild-type cells. More importantly, the authors considered the 
dynamics of phosphorylation in response to metabolic changes (in this case the diauxic shift).  
Phospho-proteomes analysis of functional human muscle mitochondria revealed extensive 
phosphorylation of 86 proteins and enzymes, including proteins of oxidative phosphorylation, TCA 
cycle, fatty acid metabolism, amino acid degradation, cell survival, calcium homeostasis, and outer 
and inner membrane solute carriers and channel proteins (Fig 1, 37).  
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Fig 1 Identified human mitochondrial phospho-proteins  
(A) functional classification (B) scheme of mitochondrial phospho-proteins involved in respiratory chain and TCA cycle. (“●” 
indicates the number of site-specific phosphorylations) [taken from 37]. 
 
In addition, a correlation between the phosphorylation state of the β-subunit of ATPase and the 
multimerisation of the whole complex was found 35; 38. 
Not surprisingly, phosphorylated mt ribosomal proteins have also been identified 39, indicating that 
mt translation may also be subjected to regulation by reversible phosphate transfer. Indeed, in vitro 
data provided evidence for the first time that modification of the serine, threonine and tyrosine 
residues of mt ribosomal proteins is a mechanism by which translation can be reversibly regulated 40. 
A role of phosphorylation in the regulation of mt morphology was recently shown by Han. et al. 41. 
Ca2+-dependent increase in Drp1p (dynamin-related protein 1) phosphorylation was shown to be 
 9 
 
associated with an enhanced recruitment to mitochondria – possibly via increased affinity to Fis1p – 
and an increase in fission events. Also, “redox signaling”, the process of discrete, site-specific and 
reversible modification of proteins by low concentrations of reactive oxygen species (ROS) that act 
as modifiers of protein function implicated in signal transduction 42, is mediated by phosphorylation. 
Redox sensitivity may be conferred by interaction of thioredoxins 43 or other redox metabolites with 
specific cysteines of kinases 44. Recently, oxidation of thiols of mt PDKs (group of kinases involved in 
regulation of PDH) by endogenous ROS has been correlated with the inactivation of the enzyme 45. 
This crosstalk between two signal pathways – by ROS and by phosphate-group transfer –  sheds light 
on the complexity and hierarchy of enzyme regulation. Ca2+-concentration gradients, which 
constitute another important type of intracellular signaling, are also linked to protein 
phosphorylation. The information is “translated” by Ca2+-dependent changes in the phosphorylation 
state of enzymes 46. A well-established example is the activation of PDH by Ca2+-triggered 
dephosphorylation. It has been found that the number of targets for Ca2+-dependent 
dephosphorylation is larger than previously thought 47. To come full circle, elevated Ca2+-levels 
increase ROS production by stimulation of the electron transport chain. In parallel, ROS scavenging 
mechanisms are concomitantly activated by Ca2+-dependent dephosphorylation of the manganese 
superoxide dismutase (MnSOD) in the mt matrix, hence providing tight ROS control.  
 
2.4 Regulation of mammalian pyruvate dehydrogenase complex (PDH) by 
phosphorylation 
 
PDH is a key enzyme complex residing in the mt matrix that catalyzes the irreversible oxidative 
decarboxylation of pyruvate to acetyl-CoA. Thus, it connects glycolysis with the reaction cascade of 
the tricarboxylic acid cycle (TCA-cycle). The central position of PDH in the cellular metabolism 
deserves a highly coordinated regulation, which is reflected by a combination of three major 
regulatory mechanisms including (i) short term regulation by phosphorylation/dephosphorylation, 
(ii) metabolic feedback regulation by redox state and acetyl-CoA/CoA ratio and (iii) transcriptional 
adjustment for long-term adaptation 48. An unusual property of the PDH-kinase – to associate tightly 
and permanently with the complex – facilitated their discovery already in the late 60s by Linn and 
coworker 23; 49. Meanwhile a plethora of knowledge on PDH activity, regulation and structure has 
accumulated. Mammalian PDH has three phosphorylation sites on serine residues of its α-subunit at 
positions 264, 271 and 203, denoted as site 1, 2 and 3 respectively 50; 51. Four mt PDH-kinases (PDKs) 
and two mt phosphatases (PDPs) are engaged in the regulation. Although one kinase could fulfill the 
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task, differences in the phospho-site preference, specificity towards the binding site on PDH (lipoyl-
domain) and tissue specific expression allow for fine tuning of the PDH activity. Both phosphatases 
can dephosphorylate all three sites, with a higher activity of PDP1 compared to that of PDP2 52; 53.  
 
2.5 Mammalian cytochrome c oxidase (COX) 
 
One prominent mt enzyme beside the PDH is the cytochrome c oxidase (COX), the terminal enzyme 
of the respiratory chain, which is subjected to numerous levels of regulation, with allosteric ATP-
inhibition probably being the most powerful. However, this latter inhibitory mechanism is abolished 
by dephosphorylation of one of the COX subunits 54; 55; 56. Since the first demonstration of 
phosphorylation on COX-subunit IV by Steenaart and Shore 57, the number of identified phospho-
sites on COX is increasing. PKA- (protein kinase A) and cAMP-dependent phosphorylation was 
documented for subunits I, II and Vb 54, and PKC (protein kinase C) enhances COX activity by 
phosphorylation of subunit IV 58. In summary, at least 10 of the 13 subunits of COX are 
phosphorylated, which fulfill – at least in part – a regulatory role 55. However, it is of note, that other 
MS-data on COX revealed no phosphorylation at all 59. This indicates the strong dependence of 
phospho-site identification on the physiological state of the cell/tissue and the preservation of 
phosphate linkage by efficient inhibition with appropriate phosphatase inhibitors 55. Currently, most 
effort is focused on assigning the physiological function to individual phosphorylation sites. Up to 
now, 18 phosphorylation sites were identified in mammalian COX (Fig 2, 55), indicating multiple 
regulatory pathways targeting COX. However, only very few could be related to a physiological 
function. In this survey, none of the known 18 sites except for Ser-2 of subunit Vb were attributable 
to the “allosteric ATP-inhibition”. The function of the other sites and potentially other, yet not 
identified sites (53 predicted sites for Ser/Thr-phosphorylation,60) – remains to be elucidated. Finally, 
cytochrome c, the substrate of COX, is also target of multiple phosphorylations. Four sites have been 
found in the mammalian enzyme. Phosphorylation on Tyr-97 and Tyr-48 inhibited COX-activity at 
least partially 61. 
Taken together, protein phosphorylation plays an important role in the regulation of almost all vital 
processes in mammalian mitochondria. Hence, the conventional idea, that – due to the bacterial 
ancestry – the mt protein phosphorylation system is as primitive as its prokaryotic counterpart is 
obsolete.   
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2.6 Protein phosphorylation in yeast mitochondria 
 
The picture of protein phosphorylation in yeast mitochondria is less colorful. Research in this topic 
attracted interest only very late due to the conventional wisdom that mitochondria – similar to 
prokaryotes – would have only a very primitive phosphorylation system. In the 80s of the last 
century the phosphorylating activity of mt lysates from yeast on exogenous substrates like casein 
were observed 62. However, the correlation of the kinases and their natural targets was still 
restricted to the case of bovine pyruvate dehydrogenase kinase 23 as described above. Experiments 
by Rödel et al. 63 to elucidate the role of cAMP in the regulation of mitochondria led to the successful 
identification of a mt cAMP-receptor that is tightly bound to the inner membrane (IM). Later, one 
cAMP-dependent and three cAMP-independent mt kinases were described to reside within 
mitochondria 64; 65. Radioactive labeling revealed a large number of putative phosphorylated mt 
proteins 66, but the first mt phospho-protein identified in yeast was Pda1p, the α-subunit of pyruvate 
dehydrogenase complex 67. Meanwhile a growing number of phospho-proteins have been described 
in the course of mass spectrometric analysis of mt proteomes. Currently, 1118 phosphorylated yeast 
proteins are deposited in the phosphorylation site database (PHOSIDA, accessed 09/2012 6; 68). 
Filtering the dataset with the gene ontology term “cellular component mitochondrion” revealed 133 
phospho-proteins (~10% of total) found in or associated with the mitochondrion. Surely, the list is 
not yet complete, as phosphorylation is not only time-dependent in terms of growth phase and 
metabolic state and other cellular responses, but also may escape its detection due to the high 
activity of (unspecific) phosphatases in lysates.  
However, at the beginning of this work, knowledge on enzyme target correlation and its 
physiological impact was almost completely lacking. Nowadays, the picture of the impact of protein 
phosphorylation for communication and regulation of the mt compartment in yeast is shaped. 
Beside the functional importance for the molecular organization and activity of ATP synthase 38; 69, 
the import of proteins seems to be tightly regulated by phosphorylation. This is reflected by the 
detection of 31 phosphorylation sites on subunits of the translocase of the outer membrane 
(TOM)70. The involvement of casein kinase 2 for assembly, and of protein kinase A for the 
translocase function of TOM is postulated 71. In addition, the ubiquinone biosynthesis 72; 73 and the 
process of mitophagy 74 comprise phosphorylation events. The finding that proteins of the 
retrograde regulation (Ato1p, Ato3p and Yat1p) are phosphorylated hints at the importance of mt 
phosphorylation in the communication between mitochondria and the nucleus 35. The question 
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arises, which kinases or phosphatases are responsible for the reversible phosphorylation in 
mitochondria. A putative mt localization of 15 kinases and three phosphatases has been predicted 
by Tomaska 25 based on the presence of primary mt targeting information. In mt proteomic studies 
seven kinases (Yol045wp, Smk1p, Snf1p, Vsp15p, Ygr052wp, Fus3p, Psk2p) and three phosphatases 
(Ptp1p, Ptc5p, Ptc7p) have been identified 36; 75; 76. Of note, in these studies the localization of only 
one mt kinase (Ygr052wp) predicted by Tomaska 25 was experimentally confirmed. This may hint at 
“non-classical” mt import information in the sequence of the proteins. Indeed, alternative 
modifications to induce mt localization have been described. For instance, exposure to farnesol 
localizes the kinase Pkc1 to mitochondria 77, and multiple unusual targeting signals result in the final 
localization of both the full-length protein and its major Δψ-dependent cleavage product of the 
Pink1 kinase to the cytosolic face of the outer mitochondrial membrane 78. In light of a calculation 
based on experimental data according to which one third of the yeast mt proteome may possess a 
dual localization 79, one can expect that also kinases and phosphatases currently attributed to extra-
mt functions may also play a role in the mt compartment. Predictions of enzymes responsible for 
phosphorylation of identified mt proteins 80; 81 revealed mostly PKA, Rck2p, Mck1p, Pbs2p and Tos3p 
as candidate kinases with – according to the current knowledge – cytoplasmic localization. A cAMP-
dependent regulation by PKA was already discussed in 1987 64. In support of this view, regulation of 
mt biogenesis 82 and of the respiro-fermentative metabolism 36; 83 has been attributed to PKA 
function. The involvement of the other predicted kinases has to be investigated.  
While knowledge on most kinases/phosphatases engaged in mt regulation is based on the prediction 
or solely on the identification of the protein in mt lysates, one enzyme-target correlation – the 
regulation of PDH – is studied in detail and is subject of this work. 
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3 AIM OF THIS WORK 
 
A few years ago, protein phosphorylation was thought to be rather the exception than the rule. 
Hence, the main aim was to use yeast as an excellent model organism to investigate the role of mt 
protein phosphorylation in mt biogenesis. This includes not only a systematic screening for phospho-
proteins, but more importantly for the enzymes engaged in the process of reversible mt 
phosphorylation. The concept combines on the one hand the establishment of a new method to 
detect phosphorus in protein spots after separation of mt enzyme complexes by 2D blue native/ 
SDS-PAGE, and on the other hand the phenotypical, molecular and biochemical analysis of mutants 
lacking either a putative protein kinase or protein phosphatase, respectively. The role of protein 
phosphorylation in yeast mitochondria should be elucidated by carefully combining proteomic, 
physiological and genetic data. 
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4 PROLOG 
 
 
This chapter describes methods for analyzing phospho-proteomes and investigation of the 
respective enzyme-target correlations and their physiological impact. Other related methods are 
described in the original publications.  
 
4.1 Critical evaluation of tools for phosphoproteomics 
 
Before introducing most recent techniques for analyzing protein phosphorylation, including the 
methods that were developed and optimized in our lab, I will provide a critical view on current 
methodology to investigate protein phosphorylation and what we are used to analyze – the lysates 
of tissues, cells or organelles. Taken the dynamic and temporary nature of phosphorylation into 
account, the importance of highly reproducible and accurate sample preparation becomes evident. 
Defined culture and growth conditions are vital to maintain the physiological cell state, however 
often the cellular conditions in favor of a specific phosphorylation event are not known and the cells 
are cultured under “normal” conditions. Most high throughput studies are based on a rather 
marginal attention to the biological impact and produce solely an inventory of putative targets of 
phosphorylation.  
In addition, as phosphatases are mostly not substrate-specific and highly active, they can influence 
the steady state phospho-signature of a proteome, especially in cell lysates giving access to 
“compartment-hidden” substrates. Consequently, the usage of phosphatase inhibitors is a 
prerequisite for an extensive analysis. Here, the question arises at which time point they should be 
added. Usually, inhibitors are added after cell harvest and prior to the preparation of the lysate. 
However, the process of cell isolation, harvest and cleaning takes time and is definitely sensed by the 
cell as a stress, which in turn may alter the phospho-proteomes. In this light, inclusion of (membrane 
permeable) inhibitors into the culture medium during an adequate period before cell harvest may be 
considered as an alternative. The drawbacks here are associated with inhibitor-specific (toxic) 
reactions of the cell. The choice of the right procedure to maintain the original cellular steady state 
phospho-proteome is even more difficult if a subcellular fractionation precedes the analysis.  
Isolation of mitochondria requires a long period of zymolyase treatment at ambient temperatures to 
remove the cell wall. Undoubtedly, this is recognized by the cell and likely triggers cellular signaling. 
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Indeed, an alternative isolation method for mitochondria was developed to maintain the native 
phosphorylation state 84. In initial studies, when establishing defined conditions for analysis, we 
compared yeast phospho-proteomes separated by 2D blue native (BN)-/SDS-PAGE of mitochondria 
isolated from cells grown in presence of, or treated with, phosphatase inhibitors added to different 
time points of isolation. However, we did not observe significant differences of protein spots stained 
by the “phospho-specific” dye ProQ-Diamond (data not shown). Admittedly, as revealed later by us 
and others 47; 85, this dye is not as specific and sensitive as claimed. The importance of the presence 
of phosphatase inhibitors is documented by numerous studies dedicated to the detailed 
determination of phosphorylated subunits of a specific enzyme complex. Reinders et al. 35 identified 
only 10 mt phospho-proteins in the absence of phosphatase inhibitors during subfractionation of 
yeast cells, in contrast to 48 in the presence of respective inhibitors. Still, it is questioning whether 
all phosphatases were inactivated. 
Another concern is related to the fact that in a given population of a protein often only a minority of 
the molecules is phosphorylated at a certain time or condition. This points toward the importance of 
enrichment methods prior to the analysis, which can be achieved either by subfractionation and/or 
phosphate-specific affinity matrices. To meet the first criteria, we always used mt preparations that 
were highly purified by two repeats of gradient density centrifugations as suggested by Sickmann et 
al.76. However, to further potentiate the achievement, we isolated single mt protein complexes of 
the respiratory chain by BN electrophoresis, sliced the respective gel region (identified by parallel in 
gel activity staining), and subjected them to SDS-PAGE for further analysis. This approach led for the 
first time to the identification of phosphorylated subunits of ATPase 69; 86, but not of yeast 
cytochrome c oxidase (data not shown).  
Enrichment methods targeting the phosphate group, including affinity to metal ions (Fe3+, Ga3+) 
immobilized metal affinity chromatography (IMAC) or metal oxides (TiO2, ZrO2, SnO2) are widely used 
with good success for the collection of phosphopeptides prior to mass spectrometry. However, the 
same matrices may not be applicable for protein mixtures due to the chemical conditions required 
to support specificity, e.g. 0,1 M acetic acid for TiO2 columns 
87, or in presence of organic solvents. 
IMAC-based purifications are often characterized by low specificity. Here, the co-elution of acidic 
proteins or of proteins binding via the carboxy-terminal end is responsible for the low level of 
selectivity. Nevertheless, using an iron(III)-matrix, we succeeded in the enrichment and identification 
of Pda1p 88. The absence of two distinct bands in the IMAC-eluates from mt lysates of a kinase null 
mutant compared to wild-type cells revealed Pda1p as the target of the kinase Pkp1p. However, the 
success is most likely attributed to the high abundance of phosphorylated Pda1p, yielding the most 
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intense in gel-staining signal that is detectable by phosphospecific fluorescent dyes 88. Often 
abundant proteins that are not phosphorylated were stained by this dye as well, making it difficult to 
decipher specific signals. Therefore, we included an iso-stoichiometric set of phosphorylated and 
unphosphorylated reference proteins in our analysis (data not shown). The marginal differences 
between the signal intensities of both entities clearly documented the unreliability of this approach. 
Of note, we observed a strong dependence on the storage time of this dye – the older, the less 
specific. 
As an alternative to enhance sensitivity we used antibodies derived against phosphorylated amino 
acids. However, these antibodies lack specificity as the signal pattern obtained after 
immunodetection by either anti-phosphoserine, -phosphotyrosine or -phosphothreonine in our 
studies were almost identical (data not shown). Probably because of a more structured epitope the 
anti-phosphotyrosine antibody showed the best specificity and was applied to confirm the first 
identified tyrosine-phosphorylation of Atp2p in yeast mitochondria 86. As already outlined above for 
the enrichment of peptides this antibody-based strategy is more successful in combination with 
digested protein mixtures 89. 
Taken together, the methods available at the beginning of our project for detection of protein 
phosphorylation (except for radioactive labeling) had limited applicability for proteome studies with 
a high dynamic abundance range of the proteins and might be useful for less complex samples with a 
reduced interference with non-phosphorylated (acidic) proteins. Meanwhile, other techniques 
evolved, including the visualization of phospho-proteins by alkoxide-bridged dinuclear zinc(II) 
complexes, the so-called “Phos-tag” 90, with higher specificity and sensitivity. Of note, derivatives of 
this tag can be immobilized in the gel matrix of SDS-gels and thus allow the detection of phospho- 
proteins by size-shift 91.  
Irrespective of the methods used to detect or enrich phosphate-bound proteins or peptides in 
biological samples, mass spectrometric techniques are required to prove their existence and to 
determine the site of phosphorylation. However, sample preparation (spot picking, elution, 
digestion, preparation for MALDI) is relatively time consuming and often manually performed 
(except for proteomics studies using total lysates). Thus, a good quality of preselecting putative 
phosphorylated proteins in gels is an important prerequisite. 
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4.2 Introducing a new method for in gel profiling of phospho-proteins 
 
This led me to initiate the establishment of a new method for simple in gel screening of separated 
protein spots for the presence of phosphorus based on the usage of conventional laser ablation 
techniques that are usually applied for investigation of solid materials like stones. In collaboration 
with J.S. Becker (Central Division of Analytical Chemistry, FZ Jülich) we developed a new technique 
based on the direct ablation of material from protein-spots separated by (2D)-gel electrophoresis 69; 
86, original papers added in sections 5.3, 5.4). In an initial screening a Coomassie blue- or silver-
stained gel was placed on a patented temperature-controlled support 92, and the individual spots 
were positioned by a microscopic unit in the center of a high energy laser beam (for details see 
attached publication 69). The laser-ablated (LA) material was transported by a carrier gas (argon) into 
the inductively coupled plasma (ICP). The ions formed in the plasma were extracted into the sector-
field mass spectrometer (MS) and separated according to their mass-to-charge ratio. Herewith, the 
presence of phosphorus or other elements, like physiologically important metals (Cu, Fe, Zn) in this 
protein spots were successfully determined.  
As a proof of principle, we used LA-ICP-MS in combination with 2D-BN/SDS-PAGE of mt protein 
complexes. We were able to identify seven mt proteins (Tab. 1), whose phosphorylation was also 
demonstrated later by other groups 35; 36. The intention was to develop this method further for 
applications in “scanning mode” –  with the (unstained) gel being scanned line by line with frequent 
laser-pulses and online recording of element MS spectra. The main drawback, however, was the 
difficulty in repeated laser ablation events and the accumulation of ablated material in the system. 
The applicability of this method is further limited by the fact that a high resolution MS (double-
focusing sector-field MS) is required for separation of 31P+ and interfering molecule ions with nearly 
the same mass (e.g. 15N16O+) present in the air. Nevertheless, we were able to analyze more than 60 
protein spots of a conventional 2D-BN/SDS gel in a few hours as proof of principle. In addition, the 
presence of other elements (metals) can be assessed simultaneously, thus providing an excellent 
tool for comprehensive characterization of proteome-associated elements. 
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Tab. 1 Phosphorylated yeast mt proteins identified by LA-ICP-MS  
protein name spot number 
in 2D gel 69 
Reinders,  
et al.,2007 35 
Ohlmeier,  
et al.,2010 36 
Ach1p*1 Acetyl-CoA hydrolase 49 x  
Atp1p* ATP synthase subunit α 2, 16  x  
Atp2p* ATP synthase subunit β 4, 18 x x 
Sdh1p*1 Succinate dehydrogenase subunit 1 50  x 
Aco1p*1 Aconitase 1 52 x x 
Aac2p*1 major ADP/ATP carrier 59 x  
Por1p*2 Porin 1 60, 61, 62 x x 
(* ref86, *1 ref69, *2 proteins identified by J. Susanne Becker, University of Konstanz, unpublished; “x” : respective phospho-
protein found ) 
Meanwhile, highly automated and sensitive mass spectrometry systems with pre-enrichment of 
phosphorylated proteins and -separation are widely used. However, still single sample preparation 
and enrichment techniques are required to detect the usually (very) low abundant phosphorylated 
proteins. As an alternative, cellular or subcellular lysates are used for subsequent digestion of the 
whole protein mixture and separation of peptides with or without affinity enrichment of 
phosphopeptides. The final MS analysis allows not only for qualitative detection, but also for 
quantification of individual (phospho-) peptides. The major drawback for this method might be the 
high complexity of the starting material. Of note, the current methods applied to decipher phospho-
proteomes of different organisms reveal more or less similar sets of proteins in regard to extent 
and/or identity. This may hint at a biased survey preferring abundant and/or more stable 
phosphorylated proteins. More sophisticated experiments, as mentioned above, considering defined 
(inducing) conditions, reducing protein complexity and phosphatase inhibition during sample 
preparation might yield further, previously not identified phospho-proteins. 
Quantification was also addressed in our method. Calibration of phosphorus-containing proteins was 
done by MS analysis of one-dimensional gel-separated samples of increasing amounts of ovalbumin 
(0,1 - 500 ng). Owing to inhomogeneous protein distribution (no, one or two sites of ovalbumin may 
be phosphorylated) in a one-dimensional gel, the correlation curve had a correlation coefficient of 
only 0.89 69. Nonetheless, it documents its principal suitability for quantitation. In addition, for 
external calibration we introduced sulfur (32S+) as “internal” standard due to its presence in most, if 
not all, of the proteins. So the simultaneous measurement of sulfur and phosphorus (or other 
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elements) and the calculated element ratios allow for normalization and comparison of different 
protein spots.  
In conclusion, the newly developed screening method allows for the first time the simultaneous 
detection and quantification of post-translational modifications or bound metal ions (e.g. iron, 
copper, zinc) directly from 2D gel-separated proteins. The main limitation is the requirement of 
costly and extensive instrumental equipment.    
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4.3 In-gel screening of phosphorus of yeast mitochondrial proteins by LA-
ICP-MS  
 
 
 
 
J. Sabine Becker,  Miroslav Zoriy, Udo Krause-Buchholz, J. Susanne Becker, Carola Pickhardt, Michael 
Przybylski, Wolfgang Pompe and Gerhard Rödel, 2004. Journal Analytical Atomic Spectrometry (19) 
1236-1243 
 
 
reference 69 
 
[kompletter Artikel aus verlagsrechtlichen Gründen entfernt] 
 
Abstract: 
A new screening technique using two-dimensional gels was developed in order to rapidly identify 
various elements in well-separated protein spots. Yeast mitochondrial proteins were separated using 
two-dimensional gel electrophoresis (blue native/SDS 2D-PAGE) and marked by silver staining. The 
2D gels were systematically analyzed by laser ablation inductively coupled plasma mass 
spectrometry (LA-ICP-MS) using a double-focusing sector field instrument. From more than 60 
mitochondrial protein spots in two-dimensional gels, phosphorus, sulfur and selected metals (Cu, Zn 
and Fe) were detected in a short analysis time by screening 2D gel with LA-ICP-MS using a focused 
laser beam. In selected protein spots a quantitative element determination was performed. Ion 
intensities of phosphorus and metals in single protein spots in the gels were measured at medium 
mass resolution using an optimized microanalytical method by LA-ICP-MS and in a solution of the gel 
(blank) after HNO3 digestion by ICP-MS. For quantification purposes sulfur was used as the internal 
standard element. The detection limits for phosphorus, sulfur, copper, zinc and iron in protein spots, 
determined in the gel blank (Coomassie staining), were 0.18 mug g(-1), 1.3 mg g(-1), 6.4 mug g(-1), 
17.6 mug g(-1) and 9.5 mug g(-1), respectively. In silver staining gel a detection limit for sulfur of 137 
mg g 21 was measured. Matrix-assisted laser desorption ionization Fourier transform ion cyclotron 
resonance mass spectrometry (MALDI-FTICR-MS) was applied for structure analysis and 
determination of phosphorylation sites of phosphorylated proteins. Results of the structure analysis 
of separated mitochondrial proteins obtained by MALDI-FTICR-MS were combined with those of the 
direct determination of phosphorus, sulfur and metal concentrations in protein spots in two-
dimensional gels with LA-ICP-MS. 
DOI: 10.1039/b404797b 
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4.4 Detection of phosphorylated subunits of ATPase  
 
 
 
Udo Krause-Buchholz, J. Susanne Becker, Miroslav Zoriy, Carola Pickhardt, Michael  
Przybylski , Gerhard Rödel and J. Sabine Becker, 2006. International Journal of Mass 
Spectrometry (248) 56-60 
 
reference 86 
[kompletter Artikel aus verlagsrechtlichen Gründen entfernt] 
 
Abstract: 
We report on the identification of phosphorylated subunits of yeast mitochondrial ATPase using a 
novel screening technique in combination with BN/SDS-PAGE. Protein complexes present in yeast 
mitochondrial membranes were separated in their native state in the first dimension and their 
subunit composition was resolved by SDS-PAGE in the second dimension. Laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) was used to rapidly screen for the presence of 
phosphorus in the subunits. The detection limits of elements investigated in selected protein spots 
are in the low mu g g(-1) concentration range. Sulfur was used as the internal standard element for 
quantification. Phosphorus was detected in two of the proteins, that were identified by matrix-
assisted laser desorption/ionization Fourier transform ion cyclotron resonance mass spectrometry 
(MALDI-FTICR-MS) as subunits Atp1p and Atp2p of the ATPase. These results were confirmed by 
Western blot analysis using antibodies directed against phosphorylated amino acids. The 
combination of LA-ICP-MS and MALDI-FrICR-MS with BN/SDS-PAGE provides a fast and sensitive tool 
for structure analysis of phosphorus and metal-containing subunits of membrane protein complexes.  
 
 DOI: 10.1016/j.ijms.2005.10.006 
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5 RESULTS  
 
This chapter describes the increase in knowledge in the field of yeast mt protein phosphorylation 
based on own results. Before each individual project is briefly summarized and then presented as an 
original publication (except for the Sat4p manuscript that is in preparation), the bioinformatic basis 
for our studies and initial experiments for establishment and validation is described. Other related 
projects are documented in the “Appendix” (section 8). 
 
As outlined in “Materials and Methods” (section 4.1), a reverse genetic approach was used to 
establish enzyme-target correlations of the mt proteome. Initially, the SGD-database 93; 94 was 
screened for enzymes annotated as “protein kinases “ or “protein phosphatases”, revealing 135 
kinases and 40 phosphatases. This set of proteins was first filtered for known mt localization 
(annotated in SGD database). To each candidate of the remaining group further information on (i) 
predicted mt targeting signals 95; 96, (ii) the score for mt localization based on mRNA occurrence on 
ribosomes attached to mitochondria 97 and (iii) the mutant phenotype and protein-protein 
interactions 93; 94 were collected to set up a list of putative enzymes responsible for reversible mt 
phosphorylation [complete list see 98]. Based on their homology the human PDH kinases and –
phosphatases, Yil042cp and Yor090cp, respectively, were chosen as the most promising candidates. 
 
First, we confirmed the mt localization of both proteins and analyzed the influence of their 
respective gene deletion on the signal pattern obtained after 1D separation of mt proteins and 
staining with the phospho-specific dye ProQ-Diamond (section 5.1). Mitochondria of the ∆yil042c 
strain clearly lack at least one of the stained bands, indicating a difference in the phosphorylation 
state. The respective protein was enriched by immobilized metal ion affinity chromatography from 
lysates of wild-type mitochondria and identified by MALDI as Pda1p, the α-subunit of PDH. Activity 
measurements of PDH revealed that the absence of the kinase Yil042cp does not alter the PDH 
activity compared to wild type, indicating that, under the non-fermentable growth conditions used, 
PDH is almost completely active. In contrast, deletion of the phosphatase Yor090cp reduced the 
activity by ~50%, confirming the data of the mammalian complex that is active in its 
dephosphorylated state.  
 
In summary, we provided the first experimental evidence for the existence a PDH-kinase and a PDH-
phosphatase and their impact on the PDH-activity of S. cerevisiae. As a consequence, we renamed 
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the ORFs of interest in Pkp1p (protein kinase of PDH) for the kinase Yil042cp and Ppp1p (protein 
phosphatase of PDH) encoded by YOR090c. In addition, based on the analysis of the molecular 
organization by 2D-BN-PAGE and protein interactions by co-immunoprecipitation, we proposed an 
association of the kinase and phosphatase with PDH and discuss an additional influence of the kinase 
Pkp1p in PDH assembly. 
 
In a second, more detailed analysis of the regulation of PDH by reversible phosphorylation using 2D- 
IEF/SDS-PAGE we included highly homologous kinases or phosphatases to Pkp1p and Ppp1p, 
respectively, of the yeast proteome [section 5.2; 99]. The previously identified PDH-phosphatase 
Ppp1 (section 5.1) belongs to the evolutionary conserved protein phosphatase family type 2C with 
seven members. For two of them, Ycr079wp and Yhr076wp, and the putative kinase Ygl059wp, 
which shares 42% homology to Pkp1p, the mt localization was experimentally confirmed. We 
demonstrated by analysis of the respective null mutants that two of the investigated proteins, 
Ygl059wp and Ycr079wp, are also involved in the phosphorylation and dephosphorylation of PDH in 
yeast, respectively. In analogy to the previously identified enzymes, we propose to name these new 
enzymes PDH kinase 2 (Pkp2p) and PDH phosphatase 2 (Ppp2p). Their target was unambiguously 
assigned by mass spectrometry as serine-313 on Pda1p, the homologous site to the major 
phosphorylation site I in mammals. Other target sites on Pda1p could be excluded, indicating that a 
concerted and cumulative mechanism that involves different target sites as in the mammalian 
system obviously does not exist in yeast. We were able to univocal assign the phosphorylation state 
of Pda1p spots in 2D-isoelectric focusing SDS gels due to clear differences in their migration between 
the phosphorylated and non-phosphorylated form of the protein, respectively (phosphorylation can 
alter the global (surface-) charge of a protein – known as isoelectric point pI). In combination with 
data on the enzyme activity and protein-protein interactions we concluded that (i) either of the 
enzymes is – at least in part – associated with the PDH, (ii) the kinases Pkp1p and Pkp2p interact 
with each other and seemingly possess complementary functions in Pda1p phosphorylation, (iii) the 
phosphatases Ppp1p and Ppp2p have overlapping functions in the regulation of PDH, and (iv) Ppp2p 
has additional function(s) other than regulating PDH. 
 
The successful genetic approach described above that led to the identification and comprehensive 
analysis of PDH regulation in yeast, was applied to other mutants of putative mt kinases and 
phosphatases according to the initially established list (see above). However, most of the deletion 
mutants showed either no detectable phenotype, or the observed impact on the mt metabolism was 
of secondary nature due to pleiotropic effects (data not shown). In addition, the epitope tagging-
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strategy used for immunological detection failed in some cases, probably due to an interference of 
the tag with the protein´s function. In some cases (Tpk1p, Tpk2p, Tpk3p, Bcy1p, Pho85p) the 
pleiotropic phenotype of the respective mutants interferes with the functional characterization. Of 
note, some of the mt-related phenotypes that originally prompted us to include the respective 
protein in our survey, turned out to be of secondary nature, like loss of mt DNA or false annotation 
in the database 100.   
 
In the third project [section 5.3, 101], a different strategy was chosen. Based on the above described 
limitations of investigating the nullmutants, we used the overexpression approach. This approach 
was restricted to kinases because of their higher target specificity. Overexpression of a (functional) 
kinase would lead to enhanced if not complete phosphorylation of a target protein (hyper-
phosphorylation), thus creating the opposite effect of the respective knockout and concomitantly 
simulating a phosphatase-depletion. The latter issue is especially important as the effect of the 
absence of one phosphatase is often complemented by a (partial) redundancy of other 
phosphatases.  
 
Using this tool, we were able to unravel a novel mt function of Sat4p, a kinase previously attributed 
to salt stress-induced regulation in the cytoplasm 102. We were able to detect a subpopulation of 
Sat4p (under authentic expression) in the mt matrix and noticed significant changes in the 2D-DIGE 
IEF/SDS-PAGE-separated mt proteome from a strain which over-expressed Sat4p under the control 
of the strong TET-promoter. Interestingly, many of the identified proteins responding to elevated 
levels of Sat4p contain lipoic acid as essential cofactor (Lat1p, Kgd2p and Gcv3p). In the course of 
these studies we were for the first time able to experimentally assign the lipoylation sites by nanoLC-
MS/MS to Lys75 (Lat1p), Lys114 (Kgd2p) and Lys102 (Gcv3p), respectively. 
 
Remarkably, the iron-sulfur (Fe/S) cluster containing aconitase (Aco1p) and homoaconitase (Lys4p) 
showed strongly reduced abundance in the Sat4p over-expressing strain. A general impact on the 
Fe/S cluster synthesis can, however, be excluded, because the abundance of other Fe/S proteins like 
Rip1p (a subunit of complex III of the respiratory chain), remained unaffected.   
 
 
A literature survey revealed an intriguing connection between the observed two groups of proteins: 
Lip5p, the enzyme catalyzing in the last step of lipoic acid synthesis and possibly its attachment to 
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target proteins, requires Fe/S cluster for its function and thus belongs to the same class of Fe/S 
enzymes like Aco1p.  
 
Preliminary comparative studies of the content of lipoic acid by HPLC revealed similar levels for the 
wild type and the sat4 deletion mutant. In contrast, lipoic acid was almost undetectable in a mutant 
lacking the lipoic acid synthase Lip5p, or in a strain overexpressing Sat4p (data not shown). This 
finding was immunologically confirmed using antibodies recognizing lipoic acid (data not shown). 
In line with these observations, impairment of the so called “aconitase-type” Fe/S-assembly-
pathway 103; 104; 105 affects the same subset of proteins as the one identified in our study. Based on 
these data, combined with activity measurements of the affected enzymes, we propose a model for 
Sat4p function in the regulation or modulation of a late step in the maturation of a subset of Fe/S-
proteins. Promising candidates are the proteins Isa1p/Isa2p or Iba57p 103; 104, which are required for 
the holoenzyme formation of the “aconitase-type” proteins. A detailed discussion on the remaining 
proteins affected upon over-expression of Sat4p and additional extra-mt functions of this kinase is 
given in the original paper (section 5.3). 
 
Finally, the fourth project (section 5.4) is dedicated to Coq8p, originally identified as Abc1p as being 
involved in the assembly of the bc1-complex. Deletion of Coq8p led to ubiquinone (Q) deficiency and 
thus respiratory deficiency 106. However, Coq8p does not contain any obvious catalytic motif of 
monooxygenases, and thus it has been proposed that the protein may rather possess a regulatory 
function. The prokaryotic homolog EcubiB (from E. coli), which is required for the first 
monooxygenase step in Q-biosynthesis 107, also shows no sequence conservation to known catalytic 
monooxygenases signatures. Like Coq8p, it is a member of a large superfamily of proteins that 
contains motifs found in eukaryotic-type protein kinases (ePK) 108, implying a function in post-
translational phosphorylation.  
 
Our study on the molecular organization of Coq8p by the TAP-method and by the two hybrid 
analysis revealed that it exists as homomer 73. Genetic data suggest that assembly of the multi-
enzyme Q-biosynthesis complex is essential for catalyzing the formation of Q 109. We could show by 
BN-PAGE analysis of coq8 mutants that the formation and/or the integrity of the Q-biosynthesis 
complex are affected by the absence of Coq8p. The strongest effect was observed for the Coq3p 
protein, which is no longer present in the high molecular weight Q-biosynthesis complex, but is 
instead exclusively detected in the low molecular weight range 73. Considering the putative kinase 
function we analyzed the impact of COQ8 deletion on the separation profile of Coq3p in 2D IEF-SDS 
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gels. In wild-type cells, two adjacent protein spots with different isoelectric points could be 
identified. As revealed by treatment with λ-phosphatase, the more acidic spot turned out to be 
phosphorylated. Interestingly, the same spot was also absent in the coq8 mutant, suggesting a role 
of Coq8p in Coq3p phosphorylation. However, our data do not allow discriminating between a direct 
or an indirect role of Coq8p in Coq3p phosphorylation. Other Coq-proteins including Coq9p, which is 
a putative phospho-protein (Chi et al., 2007), might also be alternative or additional targets of the 
Coq8p kinase activity.  
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5.1 YIL042c and YOR090c encode the kinase and phosphatase of the 
Saccharomyces cerevisiae pyruvate dehydrogenase complex 
 
 
Udo Krause-Buchholz, Uta Gey, Jana Wünschmann, Susanne Becker, Gerhard Rödel, 2006 
FEBS Letters (580) 2553–2560 
 
reference 88 
 
[kompletter Artikel aus verlagsrechtlichen Gründen entfernt] 
 
Abstract: 
In Saccharomyces cerevisiae the pyruvate dehydrogenase (PDH) complex is regulated by reversible 
phosphorylation of its Pda1p subunit. We here provide evidence that Pda1p is phosphorylated by 
the mitochondrial kinase Yil042cp. Deletion of YOR090c, encoding a putative mitochondrial 
phosphatase, results in a decreased PDH activity, indicating that Yor090cp acts as the corresponding 
PDH phosphatase. We demonstrate by means of blue native gel electrophoresis and tandem affinity 
purification that both enzymes are associated with the PDH complex. 
 
DOI: 10.1016/j.febslet.2006.04.002  
  29 
5.2 Yeast Pyruvate Dehydrogenase Complex Is Regulated by a Concerted 
Activity of Two Kinases and Two Phosphatases 
 
 
Uta Gey, Cornelia Czupalla, Bernard Hoflack, Gerhard Rödel and Udo Krause-Buchholz, 2008 
JOURNAL OF BIOLOGICAL CHEMISTRY (283) 9759–9767 
 
reference 99 
[kompletter Artikel aus verlagsrechtlichen Gründen entfernt] 
 
Abstract: 
 
The activity of yeast pyruvate dehydrogenase complex is regulated by reversible phosphorylation. 
Recently we identified two enzymes that are involved in the phosphorylation (Pkp1p) and 
dephosphorylation (Ppp1p) of Pda1p, the alpha-subunit of the pyruvate dehydrogenase complex. 
Here we provide evidence that two additional mitochondrial proteins, Pkp2p (Yg1059wp) and Ppp2p 
(Ycr079wp), are engaged in the regulation of this complex by affecting the phosphorylation state of 
Pda1p. Our data indicate complementary activities of the kinases and a redundant function for the 
phosphatases. Both proteins are associated with the complex. We propose a model for the role of 
the regulatory enzymes and the phosphorylation state of Pda1p in the assembly process of the 
pyruvate dehydrogenase complex. 
 
DOI: 10.1074/jbc.M708779200 
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5.3 Proteomic analysis reveals a novel function of the kinase Sat4p in 
yeast mitochondria 
 
Uta Gey, Cornelia Czupalla, Udo Krause-Buchholz, Bernard Hoflack and Gerhard Rödel 
 
 
Manuscript submitted to MITOCHONDRION 101 
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5.4 Ubiquinone biosynthesis in Saccharomyces cerevisiae: the molecular 
organization of O –methylase Coq3p depends on Abc1p/Coq8p 
 
Anja Tauche, Udo Krause-Buchholz and Gerhard Rödel 
FEMS Yeast Res 8 (2008) 1263–1275 
 
reference 73 
 
[kompletter Artikel aus verlagsrechtlichen Gründen entfernt] 
 
Abstract: 
 
Coenzyme Q is a redox-active lipid that functions as an electron carrier in the mitochondrial 
respiratory chain. Q-biosynthesis in Saccharomyces cerevisiae requires at least nine 
proteins (Coq1p-Coq9p). The molecular function of Coq8p is still unknown; however, lack of 
Q and the concomitant accumulation of the intermediate 3-hexaprenyl-4-hydroxybenzoic 
acid in the absence of Coq8p suggest an essential role in Q-biosynthesis. Localization 
studies identify Coq8p as a soluble mitochondrial protein, with characteristics of a protein of 
the matrix or associated with the inner mitochondrial membrane. Coq8p forms homomeric 
structure(s) as revealed by two-hybrid analysis and tandem affinity purification. Two-
dimensional (2D)-Blue Native/sodium dodecyl sulfate polyacrylamide gel electrophoresis 
analysis suggests that Coq8p - together with Coq2p and Coq10p - is predominantly 
associated with a complex of about 500 kDa, whereas Coq3p, Coq5p and Coq9p are mainly 
organized in a 1.3 MDa Q-biosynthesis complex that is not associated with the complex III 
and IV supracomplexes of the respiratory chain. Loss of Coq8p is accompanied by 
destabilization of Coq3p, but not of Coq9p from the 1.3 MDa Q-biosynthesis complex. This 
effect cannot be reversed by Q(6) supplementation. The detection of Coq3p isoforms by 2D-
isoelectric focusing is in line with the proposed function of Coq8p as a kinase, with Coq3p as 
a target. 
 
DOI: 10.1111/j.1567-1364.2008.00436.x 
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6 DISCUSSION AND PERSPECTIVES  
 
 
The following aspects will be discussed in this section: (i) a critical review of the achievements in mt 
protein phosphorylation in yeast and (ii) methodological aspects of the described techniques and the 
challenges to investigate the phospho-proteomes .  
 
This discussion will include more general aspects and main conclusions which are based on those 
aspects that are specifically discussed in the original publications and suggest future experiments. 
Mostly speculative thoughts and conclusions from my research on phospho-proteomics are given in 
the epilog. 
 
 
6.1 Mitochondrial phosphorylation in yeast 
 
6.1.1 An evolutionary view 
 
Based on the finding that even Archaea possess serine/threonine and tyrosine phosphorylation 68 
one may expect similar events in their endosymbiontic descendants, the mitochondria. In line with 
this, the number of identified prokaryotic phospho-proteins is growing. Beside the well-known 
protein phosphorylation of histidine and aspartate residues, phosphorylation of serine/threonine and 
tyrosine has been reported. In the archaeon Halobacterium salinarum for instance, 69 phospho-
proteins with 81 phosphorylation sites have been identified on serine (70), threonine (10) and 
tyrosine (1*) 13 [* indicated as confirmation required]. Evolutionary conservation of prokaryotic 
Ser/Thr/Tyr phosphorylation is also documented by several analysis of the Escherichia coli phospho-
proteomes, although the sites hardly overlap 110. Surprisingly, only a set of nine proteins were found 
to contain phosphorylated residues conserved from Archaea to humans 110. Only one protein with 
similarity to nucleoside-diphosphate kinase is phosphorylated at the corresponding site in 
mitochondria as well as in bacteria. Two translation elongation factors are known to be 
phosphorylated in mitochondria and bacteria, however at different sites. Interestingly, although the 
phosphorylation site of pyruvate dehydrogenase (PDH) E1 subunit (corresponding to yeast Pda1p, 
serine 313) is perfectly conserved in Rickettsia prowazekii – including the flanking region – 
phosphorylation of this residue has so far only been observed for the mt PDH. This is in line with the 
model that regulation of mt proteins via phosphorylation evolved after the endosymbiontic event 5. 
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In conclusion, although more than 200 homologous prokaryotic proteins contribute to the recent mt 
proteome of yeast, the phospho-proteome found in yeast mitochondria is clearly unrelated.  
What about the conservation of yeast phosphorylation sites within the eukaryotic domain? A survey 
of phosphorylated residues which were conserved in human orthologs 5 revealed that in yeast (and 
worm) phosphorylation sites are not highly conserved with respect to higher eukaryotes. This is in 
line with studies on the evolution of human protein kinases which mostly evolved after the 
divergence of yeast and higher eukaryotes 111. Hence, we are faced with a considerable number of 
yeast-specific kinases and phosphatases, limiting the benefit of yeast as a model organism in this 
respect. However, a few exceptions exist, namely, the regulation by reversible phosphorylation of 
the pyruvate dehydrogenase complex (PDH) and the ubiquinone (Q)-biosynthesis complex – both are 
part of highly conserved metabolic pathways. For the first one, the target protein and the main 
phosphorylation site are conserved as well as the involved kinase(s), which are grouped together as 
“mt branched chain alpha-ketoacid and pyruvate dehydrogenase protein kinases”. Another protein 
kinase family – the so-called “ABC1-family” with members in all three domains of life (bacteria, 
archaea and eukaryotes, 108) is engaged in the regulation of Q synthesis. However, here the target(s) 
of phosphorylation are less defined. 
 
6.1.2 The yeast ABC1-kinase family  
 
In yeast three members are known: Abc1p/Coq8p, Ylr253wp and Ypl109cp. However, only deletion 
of COQ8 results in respiratory deficiency due to lack of Q, clearly indicating a mt function. In line with 
this we found Coq8p exclusively in the mt matrix 73, suggesting a direct function on target proteins 
involved in Q-biosynthesis. Analysis of the deletion mutants of the remaining homologs (YLR253w, 
YPL109c) revealed neither a hint on a mt function nor any phenotype. However, both proteins are 
found in their untagged form in highly purified mitochondria 76; 112. In contrast, a cytoplasmic 
localization with enrichment in the mitochondria-associated membrane fraction (MAM) was 
observed in our analysis of a Ylr253wp-variant bearing a C-terminal cMyc-tag 113; 114. In support of this 
data, initial studies on proteomic alterations in cells lacking the YLR253w gene mostly revealed 
proteins of the endoplasmatic reticulum 113. In addition, genetic data suggest an interaction of 
Ylr253wp with subunits of the ERMES (ER- mitochondria encounter structure) -complex 115. In 
contrast, a kinase function of Ypl109cp seems unlikely because of the absence of the critical Asp 
residue involved in chelating magnesium ions that is essential for the catalytic function 108.  
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The target protein(s) of Coq8p are still a matter of debate. Our data on 2D-IEF-SDS PAGE strongly hint 
at Coq3p as a target protein 73. The existence of a phosphorylated form of Coq3p was detected by 
treatment of wild-type mt proteins with λ-phosphatase, which removes phosphate groups from 
phosphorylated amino acids. An accumulation of this non-phosphorylated form was observed in cells 
lacking the kinase Coq8p, indicating its direct or indirect involvement. This was later confirmed by Xie 
et al., 2011 116, who analyzed the untagged version of Coq3p. These authors showed further that the 
subunits Coq5p and Coq7p are also targets of the kinase Coq8p. Recently, recombinant purified 
Coq7p was shown to be phosphorylated in vitro by commercial PKA (protein kinase A) or PKC 
(protein kinase C) at amino acids Ser20, Ser28 and Thr32 72. Whether this reflects the situation in vivo 
is not clear. Especially the impact of the clustered location of the phosphosites at the extreme N-
terminus (predicted to be cleaved off at position 23 95) remains elusive. Nonetheless, the importance 
of Q synthesis-regulation by Coq8p-driven phosphorylation is clearly documented by studies on its 
functional human homolog ADCK3 116. Mutation of this gene causes a form of recessive ataxia 
associated with Q10 deficiency 117.  
 
Our studies on the molecular organization of the approximately 1.3 MDa large Q-biosynthesis 
complex by 2D-BN/SDS-PAGE revealed that the kinase Coq8p is not (permanently) associated with 
this complex, in contrast to the situation of the kinases for the pyruvate dehydrogenase complex. 
Instead, Coq8p, together with Coq2p and Coq10p, which are also not integral components of the 1.3 
MDa complex, form an independent subcomplex of about 500 kDa 73. Interestingly, both proteins 
function independently of the main Q-biosynthesis complex: While the synthesis of the intermediate 
HHB (3-hexaprenyl-4-hydroxybenzoic acid) is catalyzed by Coq2p, Coq10p is supposed to be a 
transfer unit for Q 118. In addition, we provided evidence that Coq8p is able to form homomers. 
However, neither the function of the homomerisation nor the sub-complex association of the kinase 
is known. Our results, in combination with other data on targets of Coq8p 116, support the idea that 
the assembly of those subunits depends on Coq8p activity. We postulate a Coq8p shuttle between 
the Coq2p-Coq10p subcomplex and the main complex of Q-synthesis. In this theoretical scenario 
coordination of synthesis of the intermediate HHB entering the Q-synthesis-complex, the Q-synthesis 
itself by the main complex and the transfer of Q would be achieved.  
Further analysis should focus on the determination of the in vivo phosphorylation sites of Coq3p, 
Coq5p, Coq7p and the introduction of modified subunits bearing a phospho-mimetic or a non-
phosphorylable mutation at the respective positions. This allows to test the impact solely of the 
phosphorylation event in presence of the kinase, which might either be wild-type or nonfunctional by 
a mutation in the catalytic center. In addition, the corresponding phosphatase has to be identified by 
screening the entire phosphatase-encoding gene deletion set. To this end antibodies derived against 
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the phospho-proteins or a screening based on differences in the molecular organization of the Q 
synthesis complex might be useful. Data on the molecular organization of the multi-enzyme complex 
of Q-synthesis in human are still lacking and deserve further investigation. 
 
 
6.1.3 Regulation of yeast pyruvate dehydrogenase (PDH) complex  
  
It has been known for a long time that the activity of PDH is regulated by phosphorylation in various 
eukaryotic organisms 119. Due to their unique property to permanently bind to the PDH complex, the 
mammalian PDH kinases were discovered and isolated already in the late 70s 51; 120; 121. In contrast, 
isolation of the responsible kinases in yeast was unsuccessful for a long time. The presence of an 
intrinsic PDH kinase activity in yeast mitochondria was concluded in 1995 by James et al. 67. Using a 
reverse genetic approach, we were able to identify not only two kinases, but also two phosphatases 
residing in yeast mitochondria and catalyzing the reversible phosphorylation of the Pda1p, the α-
subunit of PDH on Ser-313 88; 99. So far we have no evidence that other sites are targets of 
phosphorylation as known for the human homolog with one major site (corresponding to Ser-313 in 
yeast) and two additional minor sites.  
Nonetheless, this highly conserved region is described structurally as a dynamic loop undergoing a 
disordered – ordered transition 122. This is achieved by either a phosphorylation event described 
above for the mt type PDH or induced by binding of thiamine diphosphate as postulated for the E.coli 
PDH subunit 122. 
The central position of PDH in the cellular metabolism by connecting glycolysis with the respiratory 
pathways is reflected by highly ordered and sophisticated regulatory networks. This includes the 
short term regulation by substrates, energy metabolites and reversible phosphorylation (for review 
see 123). In humans, dysfunction of PDH is commonly associated with lactic acidosis, and progressive 
neurological and neuromuscular degeneration 124 documenting its importance for life. In contrast, in 
yeast, PDH activity is not essential for growth, and defects can be bypassed by alternative pathways 
converting pyruvate to acetyl-CoA 125; 126. In line with this, growth of a strain lacking the functional α-
subunit (Pda1p) possesses only slightly reduced growth rates on either glucose or ethanol containing 
media 98. This leads to the question, why yeast (evolutionarily) maintained the energy-costly 
synthesis and assembly and also the regulatory process of the giant PDH-complex including (at least) 
two kinases and two phosphatases 88; 99. A more detailed analysis of the phenotype ∆pda1 revealed 
that the rate of [rho0] formation was increased in the absence of PDH from 0.5% for wild type to 10% 
under the conditions tested 127. This observation suggests important additional function(s) of PDH for 
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the maintenance of mt DNA. In addition, for an unknown reason, a limitation in leucine biosynthesis 
was observed 127. Interestingly, deletion of either of the two kinases led to retarded growth on 
acetate and in – contrast to our data – on ethanol as carbon source 84. The authors postulate a 
“futile” cycle of PDH. Conversion of acetate requires a partially or fully functional silencing of PDH to 
balance gluconeogenic reactions. In the absence of the kinase however the complex cannot be 
inactivated. Consequently, parallel deletion of the alpha-subunit Pda1p, abolishing PDH activity, 
rescues the slow growth phenotype observed on acetate 84. This suggests that regulation of PDH of 
yeast is rather adapted to its ecological niche. This is characterized by highest growth rates on 
glucose-rich sources, like fruits, and a fast switch to the conversion of accumulated ethanol, which is 
quickly metabolized to acetate. Apparently, in yeast the same scenario as observed for the evolution 
of prokaryotic phosphorylation regulation may be true. As already mentioned above, phospho-sites 
in prokaryotic proteomes hardly overlap 110, indicating a microbial niche-driven evolution.  
Especially for PDH, the “eukaryotic and prokaryotic way” to achieve the transition from disordered to 
ordered state for the catalytic activation is apparent 122. The original way of induction by binding of 
thiamine diphosphate as postulated for the E. coli is substituted by phosphorylation in eukaryotes 122. 
In this light, it is not surprising that disturbance of the phosphorylation of yeast PDH not only results 
in alteration of the enzyme activity, but also in the enzyme structure and subunit interaction. We 
could show that deletion of the PDH kinase Pkp1p influences the molecular organization of the 8 
MDa enzyme complex 88: In the absence of Pda1p phosphorylation enzymatic-active subcomplexes of 
~300-400 kDa accumulate, suggesting an additional role of the kinase in the assembly process. 
However, as the rate of reduction of phosphorylation in either of the two kinase mutants is similar, 
but the impact on the molecular PDH organization is specifically observed for Pkp1p, the kinase itself 
rather than the catalytic activity seems to be of importance. Indeed, association of Pkp1p with the 
PDH sub-complexes was shown in our experiments. 
Our experimental data on PDH phosphorylation and the involved enzymes, which are discussed in 
detail in the original papers 88; 99, are summarized in a current model of PDH regulation in yeast [Fig. 
2; 98]. 
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Fig 2 Model of the regulation of the pyruvate dehydrogenase complex in yeast by reversible  
                             phosphorylation  [taken from 98] 
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6.1.4 Regulation of iron sulfur cluster biogenesis 
 
The synthesis of iron sulfur cluster (Fe/S) is essential for life and a kind of “existence-insurance” of 
the former endosymbiont to evolve within the host. Interestingly, although the synthesis and 
assembly of Fe/S is very well studied [for review see 128; 129], almost nothing is known about the 
underlying regulation. In our survey of kinases/phosphatases linked to mitochondria-related 
phenotypes, we observed reduced growth on non-fermentable carbon sources of a strain that 
overexpressed Sat4p, a kinase originally identified as a regulator of salt tolerance. Here, we 
successfully applied the inverse approach and addressed the effects of the overexpression of a kinase 
to unravel a phenotype. Comparison of mt proteomes of wild type and mutants either lacking or 
overexpressing the kinase revealed a strong reduction in the steady-state concentration of the Fe/S- 
bearing protein aconitase (Aco1p) that could account for the observed growth retardation on non-
fermentable carbon sources. Although Sat4p is partially localized in mitochondria, this could in 
principle be explained by the recent observation that Sat4p is involved in phosphorylation of the 
transcription factor Gln3p 130. Indeed, a putative binding site [GATAAGA, 131] can be matched to the 
intergenic region of ACO1 and STT4 132. However, this would not explain the additional effects of 
overexpressing Sat4p on mt proteins bearing lipoic acid as cofactor. Here, the non-lipoylated enzyme 
forms accumulate. This was also confirmed by immunological detection with antibodies recognizing 
lipoic acid (data not shown). The link between the two groups of proteins is most likely Lip5p, the 
lipoat synthase, which belongs to the same Fe/S-enzyme group as the above mentioned aconitase. 
As other Fe/S proteins, like the essential cytoplasmic Fe/S proteins or Rip1p of complex III of the 
respiratory chain, are not disturbed, a general effect on Fe/S cluster synthesis can be excluded. The 
synthesis of the so called “aconitase-type” Fe/S proteins requires specific factors for maturation, like 
Iba75p, Isa1p, Isa2p or Nfu1p (for review see 128). Indeed, deletion of the ISA genes elicit the same 
proteomic changes as observed for Sat4p overexpression 133. Hence, a direct or indirect influence on 
the activity of those proteins by Sat4p might be postulated and is summarized in our current model 
[Fig 3 98]. So far, no phosphosites have been identified in the proteins addressed 134.  
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Fig 3 Model of Sat4p function in mt iron sulfur cluster (Fe/S) biogenesis [taken from 
98
] 
 
 
However, the research is still ongoing to understand the role of the cytoplasmically localized Sat4p. 
Likewise, it is important to prove that the observed effects in mitochondria are not evoked by 
transcriptional regulation. Nonetheless, the dual localization of this kinase hints at different targets in 
the respective compartments, rather than regulation by transcriptional interference. In this light, it 
may be worth to note that also Nfs1p, the cysteine-desulfurase engaged in the initial steps of mt 
Fe/S- cluster synthesis 135, has also a dual localization in mitochondria and the cytoplasm 136. It is 
tempting to speculate that Sat4p might be engaged in inter-compartment communication for 
coordination of iron load and iron/sulfur cluster biogenesis. 
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6.2 Challenges to investigate the network of (mt) protein phosphorylation 
 
While several years ago it was assumed that one third of a cellular proteome is phosphorylated 137, 
we are now faced with a continuously growing number of phospho-proteins which led to the 
assumption that the majority of cell´s proteome may be phosphorylated 138. Finally, I believe, one will 
find with more sensitive methods for identification that all proteins might be targets of 
phosphorylation. Although at very slow rates, spontaneous non-enzymatic phosphorylation should 
also be taken into account (see also epilog). Hence, the main question is whether a phosphosite is 
functional. But this is not trivial to answer. 
The picture of identified phospho-proteins characterizes often only a specific, very small phosphate-
state-window of a cell. This is not only defined by time and environment (temperature, nutrients…), 
but also by the conditions used for sample harvest and preparation. Hence, it does not necessarily 
reflect the physiological situation, questioning the significance of phospho-proteomes  studies – 
especially with less defined conditions – to meet the complex, multi-dimensional nature of protein 
phosphorylation. 
In this light, the comparison of at least two phospho-proteomes of an organism identified under well-
defined physiological conditions, differing in only one parameter provides a good resource to 
understand the cellular role of phosphorylation. This was already well demonstrated by Ohlmeier et 
al.36, who compared the mt phospho-proteomes of fermentative and non-fermentative grown yeast 
cells. Recently, a novel approach correlating the abundance of a phospho-protein with metabolic 
fluxes revealed the importance of protein-phosphorylation for the central metabolism in yeast 139. 
An alternative approach to link a phosphorylation event to a physiological meaning includes the 
analysis of mutants lacking a putative kinase or phosphatase. This approach is especially useful for 
investigating yeast mt phosphorylation, because the negative consequences on respiration can be 
overcome by growth on fermentable carbon sources. In addition, focusing on a suborganellar 
phospho-proteomes, the pool of directly involved kinases or phosphatases can be selected by 
including data on their subcellular localization. This approach has been successfully applied in this 
work, leading for the first time to the isolation of a set of two kinases and two phosphatases engaged 
in the regulation of the PDH in yeast. Especially useful is the availability of assays that allow 
monitoring the consequences of a phosphorylation. Often, (de)phosphorylation of a protein is 
accompanied by alterations of its molecular organization, which can be detected by (blue) native 
electrophoresis. By analyzing the monomeric and dimeric forms of yeast hexokinase isoenzyme 2 by 
clear-native electrophoresis in selected kinase mutants we were able to successfully isolate the 
responsible kinase 140. 
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However, one should keep in mind that deletion of a kinase or phosphatase not necessarily results in 
a detectable phenotype change. As has been observed for most of the deletion mutants studied the 
target protein(s) might be still or even more active (data not shown). Consequently, the inverse 
approach – the overexpression of the enzymes – is expected to unravel the phenotype. Indeed, while 
deletion of Sat4p has no detectable impact, overexpression of this kinase leads to impairment of the 
mt lipoylation 101. This approach was also successfully applied for the functional characterization of 
the kinase Coq8p involved in regulation of Q-biosynthesis 141, although here the null mutant has a 
respiratory deficient phenotype. 
Usually, overexpression studies raise concerns in terms of a physiological behavior of proteins in non-
natural abundance. Although mis-localization or unspecific substrate recognition has to be 
considered, overexpression of a kinase, which is still functional, would lead to saturation of the target 
protein(s) with phosphate groups, hence mimicking the situation of the respective phosphatase 
deletion. Hyper-phosphorylation is often associated with an inactivation of a protein and thus might 
help to discover a phenotype. Also the complete absence of a protein, as the result of the well 
accepted gene deletion strategy, is not physiological as the protein may have roles other than or in 
addition to the dedicated (catalytic) function in the cell, e.g. simply by its physical presence.  
All approaches and methods bear their limitations, but the careful combination of the individual 
results will color the still white network map of (mt) protein phosphorylation.  
 
Finally, researchers are often asked to verify the substrate-specific activity of a kinase/phosphatase in 
vitro. However, as it becomes clear from the data of genome wide screening of phosphorylation 
substrates based on immobilized kinases, the substrate specificity typical for kinases is often 
abrogated in vitro. Most likely this is due to non-native folding of the enzymes and/or artificial high 
concentrations of substrates rendering the obtained results questionable. 
So, the summary of all this sophisticated issues seems to discourage any scientific effort. However, it 
should rather point towards important facts to be considered when unraveling the phosphorylation 
(or any post-translational) network: 
(1) strict definition of the growth/ experimental conditions also in terms of time  
(2) combining high throughput methods with detailed single protein analysis 
(3) highly sensitive detection methods (single molecule) required  
(4) care must be taken when using data from in vitro tests 
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6.2.1 When is a kinase a mitochondrial kinase? 
 
The answer to this question, which of course may also be applied to phosphatases, is not at all easy. 
Usually the presence of a mt localization sequence, often located at the N-terminus of a protein, 
discloses the mt identity of a protein. Indeed, a few (de)phosphorylating enzymes were easily 
identified in silico by the presence of the respective catalytic sequence motif and a (cleavable) mt 
localization sequence. We extended our list of putative mt kinases/phosphatases by including the 
results of studies on the distribution of ribosomes loaded with the respective mRNA attached to the 
mt outer membrane. This led us to define a ranking list of putative mt kinases or phosphatases 
(complete list see 98).  
However, many kinases and phosphatases may possess a dual localization in mitochondria and in the 
cytosol and might get targeted to mitochondria by virtue of alternative splicing and post-translational 
modifications including phosphorylation and proteolytic processing. This isoforms may perform 
different – sometimes antagonistic – functions in the different compartments. According to Ben-
Menachem et al. 79, one third of all proteins have a dual localization. Faced with this situation it is 
challenging to assign a protein to mitochondria, especially if it is only temporarily present in this 
compartment. In principle, only one molecule of a kinase or phosphatase present in mitochondria 
would be sufficient to post-translationally modify the target and hence would complete signaling. 
This shows the constraints of classical biochemical methods for defining protein´s cellular distribution 
quite plainly. An alternative in vivo assay is to use α-complementation of ß-galactosidase (the re-
assembly of separated catalytic inactive domains of ß-galactosidase to restore enzymatic activity) 142. 
But still, one should never forget that the plain presence of a protein does not mean that it is active. 
In addition, a regulatory signal might also be transmitted across the two membranes by virtue of 
specific receptors/mediators, like the kinase anchor-proteins (AKAP) in humans 143; 144. However, no 
homologous anchor proteins are found in yeast. We detected phosphorylation of two outer 
membrane (OM) proteins, Por1p and Om14p 145; 146, involved in metabolic transport pore (Por1p) and 
may open the discussion that this might be an orthologous system in yeast. 
It is assumed that most of the mt phosphorylation events take place in the cytoplasm that finally 
affects mt metabolism through the phosphorylation of mt or mt associated proteins 25. This could 
explain the low number of mt kinases/phosphatases72. Indeed, we found many kinases/phosphatases 
associated with the mt compartment (unpublished observation) in our survey. In this context, the 
term “associated” refers to a behavior similar to the cytoplasmic enzyme Pgk1p, which is firmly 
associated with the mt OM, but can be (almost completely) removed by treatment of stabilized 
mitochondria with 1 M NaCl. The focus should be set on the mitochondria associated membrane 
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(MAM) tethered to the endoplasmatic reticulum. Initial studies on the phosphatase Ptc1p revealed 
an accumulation in this cellular fraction (data not shown), pointing towards a communication 
interface.  
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6.2.2 Epilog 
 
During the past decade – by concentrating on protein phosphorylation and collecting information 
from different fields of science – a new quality of understanding of protein phosphorylation 
emerged. Although experimental proof is lacking, I decided to include my personal thoughts in this 
chapter that should be regarded as the basis for further discussion and might be worth to be 
considered for further experiments.   
As already indicated above, the current methods and technologies are excellent to catalog 
phosphorylation events in a cell, but they will definitely fail to unravel and understand the complexity 
and dynamics of the regulatory phosphor-network. One aspect is a quantitative issue. Undoubtedly, 
it is important to know, whether a protein is a potential in vivo target of phosphorylation or not, and 
which amino acid residue is modified. However, without quantitative and chronological correlation 
this information is similar to the notion “there are 13427 cars in a town, but we don’t know how 
many are driven at the moment”. One often forgets that in many cases only a tiny population (often 
below 1%) of a protein is in its phosphorylated state at a certain time. This is the reason why affinity 
enrichment is currently required prior to identification by MS. Only in a few cases, like the α-subunit 
of PDH, the phospho-protein is highly abundant. So the question arises what is the impact of this 
small portion? Clearly, the half-life of the phospho-form (influenced by the equilibrium of kinase(s) 
and phosphatase(s)) is one determining factor as well as the half-life of the protein itself. But still, the 
main portion of the enzyme remains “unregulated” and the contribution of the phospho-form to the 
total outcome e.g. of a certain enzymatic activity seems negligible. This led me to conclude that a 
static view on the phospho-regulation may not be true. Instead, a highly dynamic system which 
allows a fast phosphorylation/dephosphorylation and thereby transferring the “phospho-info” from 
one molecule to another may help to explain the usually high regulatory force of a phosphorylation 
event with the consequence to switch on or off metabolic processes. The picture of a “phospho-
wave” distributing the regulatory information may help to visualize this model. This is, of course, only 
attributable to so-called “active” phosphorylation sites, in contrast to “silent” sites whose 
phosphorylation does not alter enzyme activity or the protein´s properties.  
This brings me to the next challenge. Once all putative phospho-sites of a cell are known (and I guess 
we will end up with the result that each protein has one or more putative site/s for phosphate 
attachment), it is of importance to determine whether the attachment of phosphate has any effect. 
Often the consequences of a phospho-residue on a protein´s function are not detectable (silent) or 
the phospho-sites might work in an additive manner. In addition, I think that the non-enzymatic 
attachment of a phosphate group onto proteins should not be ignored. There are experimental hints 
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147; 148 that in the absence of any proteinkinase – in the presence of ATP – spontaneous 
phosphorylation of proteins occurs, especially in view of the high (local) intracellular ATP 
concentration and the availability of activating compounds or catalysts like metal-ions. Without any 
doubt, the phosphate transfer reactions are accelerated up to ~1021-fold by the respective enzymes 
compared to non-enzymatic reactions 149, but this does not mean that the latter one doesn´t occur.  
So this brings me back to my question asked at the beginning of this work “Why phosphate?”. In an 
evolutionary view, the abiotic formation of phosphate esters by chemical means must have preceded 
the evolution of the enzymatic adoption of this reaction. So I believe that the primitive biotic systems 
and later the cells were faced with the problem to maintain a specific metabolism keeping 
“unspecific” – non-enzymatic – side reactions under control. So initially, the high reactivity and 
stability of phosphor-ester bonds were a challenge for the developing life. This closely resembles the 
idea of how the primitive organisms adapted to the increasing atmospheric oxygen tension. 
According to the “Ox-Tox” theory, the respiratory chain “developed” to detoxify molecular oxygen to 
water and later evolved as “powerhouse” 150. 
In this light, the “invention” of phosphatases might be a consequence to “clean up” polypeptides 
from non-enzymatically attached phosphates. Hence, the primitive phosphatases were most likely 
unspecific (this may also explain the still low level of specificity of recent protein-phosphatases). In 
some cases, however, the attachment of the phosphate group brought a new (better) quality to light, 
which in turn favored the selection of this phospho-protein. The invention of the enzyme class of 
kinases is a logical consequence to regulate this process as all processes in life are the sum of single 
antagonistic processes.  
Seeing the chemical site of protein phosphorylation-evolution it is consequent to ask why higher 
eukaryotes evolved an overwhelming phosphor-regulatory system with a focus on serine, threonine, 
but also on tyrosine. Tyrosine phosphorylation, although also known in prokaryotes, is characteristic 
for higher eukaryotic regulatory pathways. One reason, which is only marginally considered in 
evolutionary studies, might be the maintenance of a constant high body temperature (homothermy). 
This of cause is associated with an acceleration of chemical reactions, including those which are 
unspecific as outlined above. Clearly, the higher temperature can now exceed the activation energy 
of (new) reactions, including e.g. the phosphorylation of tyrosine, which were not efficient or not 
possible at all before. Hence, this could be one reason for the multiplicity of phosphorylation 
cascades and reactions and may explain why tyrosine phosphorylation is a “young” invention mostly 
used by higher (homothermic) eukaryotes. Alternatively, spontaneous tyrosine phosphorylation 
seems to be a rather rare event (otherwise the respective enzymes would have been evolved earlier), 
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hence the higher specificity of tyrosine phosphorylation due to an exclusive enzymatic mechanism 
could be of evolutionary benefit.  
In conclusion, to unravel the complex post-translational regulatory systems, single-molecule tracing 
methods are definitely required. Meanwhile, highly defined physiological conditions combined with 
sensitive detection methods will help to characterize the “capitals and highways” of the roadmap of 
protein phosphorylation.  
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8  APPENDIX 
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The following related research articles are attached: 
 
 
Lauffer, S., Mabert, K., Czupalla, C., Pursche, T., Hoflack, B., Rödel, G. and Krause-Buchholz, U. (2012) 
Saccharomyces cerevisiae Porin Pore Forms Complexes with Mitochondrial Outer Membrane Proteins 
Om14p and Om45p ,  J Biol Chem 287, 17447-17458 
 
[kompletter Artikel aus verlagsrechtlichen Gründen entfernt] 
Abstract: 
Numerous transport processes occur between the two mitochondrial (mt) membranes due to the 
diverse functions and metabolic processes of the mt organelle. The metabolite and ion transport 
through the mt outer membrane (OM) is widely assumed to be mediated by the porin pore, whereas 
in the mt inner membrane (IM) specific carriers are responsible for transport processes. Here, we 
provide evidence by means of Blue Native (BN)-PAGE analysis, co-immunoprecipitation, and tandem 
affinity purification that the two mt OM proteins Om14p and Om45p associate with the porin pore. 
Porin molecules seem to assemble independently to build the core unit. A subpopulation of these 
core units interacts with Om14p and Om45p. With preparative tandem affinity purification followed 
by MS analysis, we could identify interaction partners of this OM complex, which are mainly localized 
within the mt IM and function as carriers for diverse molecules. We propose a model for the role of 
the two OM proteins in addressing the porin pore to bind to specific channels in the mt IM to 
facilitate transport of metabolites. 
DOI: 10.1074/jbc.M111.328328 
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cerevisiae gene YMR291W/TDA1 mediates the in vivo phosphorylation of hexokinase isoenzyme 2 at 
serine-15 FEBS Lett 586, 455-458 
 
[kompletter Artikel aus verlagsrechtlichen Gründen entfernt] 
Abstract: 
 
Hxk2 is the predominant hexokinase of Saccharomyces cerevisiae during growth on glucose. In 
addition to its role in glycolysis, the enzyme is involved in glucose sensing and regulation of gene 
expression. Glucose limitation causes the phosphorylation of Hxk2 at serine-15 which affects the 
nucleocytoplasmic distribution and dimer stability of the enzyme. In order to identify the responsible 
kinase, we screened selected protein kinase single-gene deletion mutants by high resolution clear 
native PAGE. Deletion of YMR291W/TDA1 resulted in the absence of the Hxk2 phosphomonomer, 
indicating an indispensable role of the corresponding protein in Hxk2 phosphorylation.  
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